I. INTRODUCTION
Anatase self-connected TiO 2 films with exposed 001 reactive facets and oxygen defects are highly desirable for scientific and technical applications, [1] [2] [3] possessing interesting photo-, electro-, magnetic-, chemical-, catalyst-, and cytokine-effects, with possible applications in photonics crystals, photo/electrochromic devices, gas sensors, and spintronic devices. There are also applications to anticancer or gene therapies, 4, 5 and these films are especially attractive for photocatalysts in solar cells for the production of electric energy or hydrogen. 6 It was recently demonstrated 7 that a self-confined growth and connection of anatase single crystal sheets with two exposed 001 crystal facets can be completed simultaneously in a reactive, atmospheric pressure TiO 2 O 2 /Ar radio frequency (rf) plasma discharge. The experimental configuration is an rf capacitive discharge driven at 13.56 MHz with approximately 100 W of input power. The geometry is coaxial, with an inner copper electrode diameter of 10 mm, an outer copper electrode diameter of 13 mm, and an active discharge length of 2 cm. The substrates are placed at various locations along the inner surface of the outer tube wall. The feed gas mixture of Ar/O 2 /TiCl 4 (base case 203/30/0.17 sccm at initial temperature 300 K) flows from the inlet at one end of the tube to the outlet at the other end. The typical film growth time is 1-2 h, and the deposition rates are non-uniform along the tube. In one experiment, 0.14 nm/s was measured in the middle of the active discharge region, 0.9 nm/s at the tube exit, and 0.6 nm/s a few centimeters into the afterglow. 7 The deposited films are nano-crystalline and display a strong white photoluminescence, whose intensity is comparable to that of commercial fluorescent lamp coatings.
Thermally produced titanium dioxide is of great commercial importance for use as a pigment, catalyst support and photocatalyst. In the current production method, TiCl 4 is oxidized at high temperatures (1500-2000 K) and pressures (300 kPa) in a pure oxygen plasma or flame to produce TiO 2 . In the last decade, the chemistry and gas phase rate coefficients for the high-temperature oxidation of TiCl 4 to produce TiO 2 have become fairly well known, and equilibrium calculations have been performed to identify which intermediates and precursors are most important in the high temperature process. [8] [9] [10] [11] [12] [13] However, there have been no simulations to our knowledge of the production of TiO 2 films in low temperature, atmospheric pressure Ar/O 2 /TiCl 4 plasmas.
In this work, we perform such simulations using a hybrid analytical-numerical global model of an atmospheric pressure, rf-driven capacitive discharge. A detailed description of the model is given in Ref. 15 . The feed gas is assumed to be a rare gas with small admixtures of other gases. The electrical characteristics are determined analytically using a symmetric, current-driven homogeneous discharge model. A sinusoidal rf current density J ¼ ReðJ 0 e jxt Þ flows through a discharge gap from x ¼ 0 to x ¼ l. The net heavy-particle positive charge density is assumed to be uniform and constant everywhere within the gap. An electron cloud of uniform density n e and fixed width d < l oscillates within the gap in response to the rf excitation, leading to the appearance of oscillating rf sheath regions near each electrode, with average sheath width s ¼ 1 2 ðl À dÞ. The electric fields everywhere within the gap are calculated selfconsistently from the homogeneous model, accounting for the plasma space charge effects. The homogeneous model sheath width s % J 0 =ðenxÞ is larger than a comparable sheath width found in experiments.
14 We therefore modify s by a factor g < 1. As discussed in Sec. IV, the value g ¼ 0:5 is consistent with experimental results. The electron temperature T e is assumed to be uniform in the bulk plasma and oscillating in time at twice the rf. The electron power balance is solved analytically to determine the time-varying electron temperature, which also oscillates on the rf timescale. Averaging over the rf period yields effective rate coefficients for the gas phase activated processes. The particle balance relations for all species are then integrated numerically to determine the equilibrium discharge parameters. The coupling of analytical solutions of the time-varying discharge and electron temperature dynamics, and numerical solutions of the discharge chemistry, allows for a fast solution of the discharge equilibrium. The model is in one-dimensional planar geometry. To apply the model to the coaxial experimental configuration, we have unfolded the annular discharge region into a planar discharge with plate area A ¼ 11:5 p Â 20 mm 2 and a gap length l ¼ 1.5 mm.
II. SPECIES, REACTIONS, AND RATE COEFFICIENTS
There are 32 simulation species used in the model: electrons e, Ar, Ar m , Ar r , Ar þ positive ions because the chlorine concentration is much smaller than the oxygen concentration, so the chlorine positive ion densities are expected to be much smaller than the oxygen ion densities. However, chlorine is highly attaching, so we include Cl À in addition to the oxygen negative ions. For the titanium chemistry, we include the main expected neutral species. 11 We do not include titanium-containing negative ion species in the simulation. Such species can play a role in seeding the production of titanium-containing nanoparticles and in confining the titanium-containing species in the discharge as described below.
The argon, argon-oxygen, and oxygen-oxygen rate coefficients are given in Tables I-III . The argon-chlorine and oxygen-chlorine and chlorine-chlorine rate coefficients are given in Table IV . Reaction R1 for e-Ar elastic scattering gives the electron energy loss for this important process. The titanium species rate coefficients are given in Table V . We could not find any information in the literature on the electron-or metastable argon dissociation rate coefficients of TiCl 4 (reactions R175 and R176). For R175, we used the rate coefficient for the similar electron-SiCl 4 reaction, 16 but adjusted the activation energy to account for the difference in the dissociation energies of TiCl 4 and SiCl 4 , and we assumed a threshold energy for TiCl 4 dissociation of 1.5 times the dissociation energy, 17 Similarly lacking any data, we used the attachment rate coefficient for O 3 18 and assumed that all quenching leads to dissociation. We therefore assume that all these species are lost at diffusive rates, with a diffusion-limited loss flux to each wall C ¼ ÀDðdn=dxÞ wall , which is evaluated for a parabolic density profile. The volume rate of loss of neutral species to the two walls is then dn=dt ¼ 12 Dn=l 2 . The diffusion coefficients are calculated from gas kinetic theory 20 using the species Lennard-Jones parameters. For positive ions, a mobilitylimited loss flux is assumed, 21, 22 C ¼ ln þs E, with n þs the ion sheath density, E the time-average electric field at the wall, and with a unity reaction probability. This yields the volume rate of loss dn þ =dt ¼ 2 ln þs E=l. In this highly electronegative discharge, with n À =n e % 40, the total positive ion density in the sheath is n e . For each ion species, we therefore use n þs ¼ ðn þ =n þ;tot Þn e in the calculations, with n þ and n þ,tot the global ion and total ion densities, respectively. For the chlorinated titanium species, we assume no surface losses, due to the fluctuating conversion of these species to negative ions, such that, on the average, there is an electrostatic potential confining them in the discharge. 31 In principle, the same confinement occurs for the product molecule TiO 2 , allowing the formation of nanoparticles within the discharge. There is some evidence that particulates form in the discharge: Nanoparticles have been observed to be deposited on the substrate after a deposition time of 1-2 min. 7 The buildup of higher mass chlorinated titanium species with negative charge through such reactions as
can generate high mass species, which can follow the usual coagulation dynamics [Ref. 26, Sec. 17.4 ], leading to nanocrystal formation within the discharge. However, our model treats the discharge as a homogeneous gas phase mixture, so the formation of nanoparticles is beyond the scope of the present simulation. Therefore, we assume a diffusive loss of TiO 2 to the surface. The deposition rate, DR, can be estimated from the total flux of TiO 2 depositing on the surface
where n f is the film density. Due to the voids and exposed facets in the deposited films, we use a film density n f ¼ 1.45 Â 10 28 m À3 that is half of the TiO 2 solid density.
III. RESULTS
We consider an annular discharge with an outer radius R o ¼ 6.5 mm, an inner radius R i ¼ 5 mm, and a length L ¼ 2 cm, similar to the experiment. 7 For the base case simulations, the total flow rate is taken to be 233 sccm with a TiCl 4 feed gas fraction f TiCl 4 ¼ 7:3 Â 10 À4 , as these are the parameters of the base case experiment. The gas temperature at the 
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06 e e À0:51=Te inlet is T i ¼ 300 K, and measurements using OH rotational spectroscopy indicate a gas temperature in the discharge of T g ¼ 625 K, which is used in the simulations. Because the inner and outer coaxial copper electrodes have relatively uniform temperatures along their lengths, and the thermal conduction time of the gas is much shorter than the flow time of the gas through the system, we assume an isothermal flow.
The flow is laminer because of the small flow velocity. The required discharge power P is estimated from the gas heating and the external convection and radiation losses of the reactor to the ambient environment
where n gi is the gas density at the inlet, k is Boltzmann's constant, u i is the flow velocity, R is the mean radius, h cþr % 34 W=m 2 K is the heat transfer coefficient, 23 and l ¼ R o À R i ¼ 1.5 mm is the discharge gap width. Equation (3) yields P ¼ 8.6 W (1.2 W/cm 2 of plate area), which we use in the simulations. One should note that the power applied to the discharge in the experiment is on the order of 100 W, which is much higher than the power of 8.6 W dissipated in the discharge as determined from Eq. (3). This is probably due to high external losses in the matching network and external circuit, and is a feature commonly seen in atmospheric pressure rf plasma discharges [Ref. 21, p. 76] . As will be shown, a power of 8.6 W yields a current density of 370 A/m 2 for the standard case in the simulation, which is consistent with previously published experimental data. 14 We discuss this further in our conclusions in Sec. IV.
The simulations are done using the Matlab stiff integrator ode15s and are started with low densities of all dissociated and charged species, and the simulation time is t f ¼ 0.13 s, corresponding to the time for the feed gas to flow from the inlet to the outlet of the system. A typical simulation takes less than 2 min on a medium-speed laptop computer. As a check on the integration accuracy, we determined the electron density by two methods: (1) by direct integration of the electron balance equation; (2) by summing the heavy particle charge densities. The two methods agree to within 1% for all results presented in this work.
In the next four figures, we show the variations of the discharge parameters with the oxygen feed gas fraction f O 2 . A minimum f O 2 % 7:3 Â 10 À4 is required; below this value there is not enough oxygen for pure TiO 2 deposition. Figures  1 and 2 give the neutral densities in the discharge. By far the most important neutral precursor for the film deposition is seen to be TiO 2 Cl 3 , with subsequent Cl abstraction by dissociative attachment to form the final product TiO 2 . TiCl 4 is converted almost entirely into TiO 2 Cl 3 , except at the highest values of f O 2 . The simulations indicate that all species have equilibrated (generation rate % loss rate) except for the feed gas TiCl 4 and the dimer Ti 2 O 2 Cl 4 . For TiCl 4 , the loss rate (dissociation of TiCl 4 ) remains much larger than the production rate at the final time t f . For Ti 2 O 2 Cl 4 , the loss rate (reaction R178) is smaller than the generation. Figure 3 gives the densities of the charged species. The dominant positive and negative ions are found to be Ar Figure 4 gives the TiO 2 deposition rate, which is seen to peak at about 2.35 nm/s when f O 2 ¼ 0:01. The base case deposition rate is 1.25 nm/s. With increasing O 2 fraction, the deposition rate at 0.13 s first rises due to increased precursor formation and then falls as the TiO 2 density is itself depleted at the earlier times. Although the sheath voltages are large, ions crossing the sheath continuously lose energy by collisions with neutral gas atoms. At atmospheric pressure, these ions in the sheath typically have thermal energies, as the ion drift velocity is small compared to the ion thermal velocity. To see this, the ion bombarding energy E i can be estimated from the mean velocity of ions bombarding the wall, 
This yields
We note that n Ar m / n e . The feed gas TiCl 4 is lost by electron (81% from R175) and Penning (19% from R176) dissociation to form TiCl 3
where L ¼ K 175 n e þ K 176 n Ar m is the first order rate coefficient for loss of TiCl 4 . The solution of Eq. (6) is
which shows exponential decay of the titanium feedstock from its initial density n TiCl 4 ð0Þ. 
Finally, TiO 2 Cl 3 is almost entirely generated by the preceding loss reaction and is lost by dissociative attachment to form TiO 2 
where ¼ K att n e is the dissociative attachment loss frequency, and W ¼ 12D TiO 2 =l 2 is the first order rate coefficient for loss to the walls.
Equations (6) and (10)- (13) Figure 5 shows the deposition rate versus the time t from the simulation (solid line) and from the theory (dashed line) based on
The time when the TiO 2 density rises to a maximum value is
which gives t max % 0:13 s for the basic case. There is a reasonable agreement between the simulation and the theory, indicating that the precursor generation can be understood in terms of a series reaction chain with the reactive intermediate species Ar m and TiCl 3 . Figure 6 shows the deposition rate DR versus total power S tot as the solid line. This variation can be qualitatively understood in terms of the theory, as the electron density n e scales roughly linearly with the power. Because L and scale linearly with n e , this implies a roughly linear scaling of L and with the power per unit area S tot . Setting the constant of proportionality from the base case yields L ¼ 3:8 S tot and ¼ 26:4 S tot . Using these in Eq. (14) and evaluating at t ¼ t f , we obtain the variation of n TiO 2 with S tot , from which we can evaluate the deposition rate. The result is shown as the dashed line in the figure. Except for the somewhat higher maximum in the theoretical deposition rate, the simulation and theory agree quite well. For the readers' reference, the percentages of the main reactions in the full model that are used in the simplified scheme are given in Table VII .
IV. CONCLUSIONS AND FURTHER DISCUSSION
We have used a hybrid global-analytical model of an atmospheric pressure rf driven capacitive discharge in Ar/O 2 /TiCl 4 feed gas mixture to determine the plasma conditions for TiO 2 film deposition. The base case feed gas mixture was Ar/O 2 /TiCl 4 with flow rates of 203/30/0.17 sccm, and with a gas temperature of 625 K. Variations of the discharge parameters and species densities with O 2 concentration and discharge power were determined. The results indicate that the active precursor species is TiO 2 Cl 3 , with subsequent chlorine atom abstraction by dissociative attachment. The expected deposition rates are around 1 nm/s, which are consistent with measured deposition rates. 7 The simulation results indicate that the deposition rate is strongly affected by the oxygen fraction f O 2 and theoretically, the maximum expected deposition rate is several nm/s. The discharge rf voltage and current amplitudes depend only weakly on f O 2 .
The sheath width reduction factor g ¼ 0.5 that we used in our simulations is consistent with previously published data on rf-excited atmospheric pressure argon discharges. 14 In an experiment with a 1.6 mm gap, the discharge could be maintained in a transversely homogeneous "a-mode" only at rf frequencies above about 6 MHz. The authors state that this frequency limit is set by the oscillation amplitude of the electrons, i.e., the sheath width. This result is consistent with the scaling of the average rf sheath width s with frequency for the homogeneous model 32 x s ¼ ð6feT e =M He Þ 1=2 ;
where f is the ratio of inelastic to total electron energy losses (typically f % 220). The lower limit on frequency for the homogeneous model occurs when 2 s ¼ l. 3 , producing the main precursor TiO 2 Cl 3 . The theory was compared with the simulation results, showing good agreement for the deposition rate versus time and the deposition rate versus discharge power. Our conclusion is that the simplified chemistry model is useful for understanding the scaling of deposition rates with discharge parameters.
The reaction set we used did not include the Ar Ã 2 excimer. We examined its importance using an extended reaction set, including the additional reactions Ar m þ 2Ar ! Ar A significant weakness of the simulation is the absence of titanium-containing negative ion species. Including these species in the simulations, along with the buildup of heavy negative ion titanium species through processes such as (1), would be highly desirable as a first step in treating the possible formation of titanium-containing nanoparticulates in the discharge. There is some experimental evidences that these particulates may play a role in the deposition of these films.
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Taking the inverse transform of (A2), we obtain the time-varying solution 
